Based on first-principles calculations, the widely used flat P-6m2 structure for both heptazine-based and triazine-based two-dimensional graphic carbon nitride (g-C 3 N 4 ) in computing chemistry and materials sciences is confirmed not the ground state configuration. We propose three new corrugated configurations P321, P3m1 and Pca21 with energies of about 65 meV/atom, 70 meV/atom and 74 meV/atom lower than that of the corresponding flat P-6m2, respectively. These three corrugated structure candidates and the flat P-6m2 possess very similar periodic pattern and they are difficult to be distinguished from their top-views. Their optimized thicknesses ranged in 1.347-3.142 Å are good agreement with the experimental results. The first-principles results show that these corrugated structure candidates are also insulators with energy band gaps slightly larger than that of the flat P-6m2 and they are also possess suitable band alignment for sun-light-driven water-splitting at both pH = 0 and pH = 7 environment as the widely used P-6m2.
I. INTRODUCTION
The two-dimensional (2D) graphic carbon nitride (g-C 3 N 4 ) is a fascinating conjugated polymer widely used as metal-free photocatalyst for sun-light-drive water-splitting in the arena of solar energy conversion and environment remediation [1] [2] [3] . It is reported that g-C 3 N 4 possesses excellent photocatalytic activities exceeding than the widely used nitrogen-doped TiO 2 4 and g-C 3 N 4 have attracted widespread concern 1,5 . Previous literatures [6] [7] [8] [9] have reported that there are at least seven types of 2D g-C 3 N 4 can be theoretically constructed and four of them are related to the segments of triazine (C 3 N 3 ) and heptazine (C 6 N 7 ) 10, 11 , with both hexagonal (P-6m2) and orthogonal (Pmc21) assembling manners. The heptazine-based g-C 3 N 4 in both P-6m2 and Pmc21 configurations possess relatively larger nitrogen pores in comparison with the triazinebased ones and they are more stable than the corresponding triazine-based systems in energy [6] [7] [8] [9] . At present time, the flat P-6m2 configurations with energies slightly smaller than those of the Pmc21 ones are believed as the ground state for both the triazine-based and heptazine-based g-C 3 N 4 and they are widely-used as the structure candidates for the experimentally synthesized triazine-based 12 and heptazine-based 13 g-C 3 N 4 .
Based on the flat P-6m2 model, many theoretical works [14] [15] [16] [17] [18] have been performed to investigate the fundamental properties and potential applications of 2D g-C 3 N 4 . Most of the calculated properties based on such a flat P-6m2 model can match the experimental results well. However, there are obvious evidences to show that the experimentally synthesized g-C 3 N 4 possess thickness ranged in 0.2-0.5 nm 19, 21 , which indicate that the theoretically used flat P-6m2 configurations are not correct. We think that whether the changes in configuration affect the fundamental properties and potential applications or not, it is significant to identify the true configurations of the experimentally synthesized g-C 3 N 4 to understand the experiments. Computer associated identifications of crystalline structures for synthesized materials are fundamental tasks in condensed materials physics and they can help us to explain the matches between previous theoretical works and experimental results.
According to our knowledge, there are some previous theoretical works have considered using the corrugated structures to do their researches and their results show that some proper atomic corrugations can release energies to make the systems more stable in comparison with the flat one [22] [23] [24] [25] [26] . However, these fragmented works are lack of systematicness and indepth understanding of the true configuration for the experimentally synthesized 2D g-C 3 N 4 . We have also notice that there are some low-energy corrugated configurations 27, 28 have been previously proposed for three-dimensional (3D) g-C 3 N 4 and these corrugated configurations have not been translated to 2D conditions. That is to say, to systematically investigate the possible corrugated configurations for both the triazinebased g-C 3 N 4 and heptazine-based g-C 3 N 4 are still interesting and necessary work.
In this work, we report our discover of three low-energy corrugated configurations P321, P3m1 and Pca21 for the triazine-based and heptazine-based g-C 3 N 4 . These three new configurations possess energies of about 65 meV/atom, 70 meV/atom and 74 meV/atom lower than that of the corresponding flat P-6m2, showing excellent energetic stabilities. We notice that these three new structures and the flat P-6m2 one possess very similar periodic patterns and they are difficult to be distinguished from their top-views. The firstprinciples calculations indicate that they are also insulators with energy band gaps just slightly larger than that of the flat P-6m2 one. Their calculated band alignments suggest that they are also excellent materials for sun-light-driven watersplitting at both pH = 0 and pH = 7 environment, comparable to the widely used P-6m2. In views of their thicknesses ranged in 1.347-3.142 Å are good agreement with the experimental results, we suggest that they are promising candidate structures for the experimentally synthesized g-C 3 N 4 . 
II. METHODOLOGIES
The widely used P-6m2 structure of the triazine-based and heptazine-based g-C 3 N 4 are isomorphic to a hypothetical binary network NX (same as the crystal structure of hexagonal boron nitride), in which X is a hypothetical super-atom for indicating triazine or heptazine, and N indicates the nitrogen atoms in the network as shown in Fig. 1 . We notice that to search possible corrugated configurations for 2D g-C 3 N 4 can be equally finished by searching up and down sequences of N atoms in the hypothetical NX networks. Such a task can be quickly performed by our previously developed RG 2 code [29] [30] [31] . RG 2 code is a high-efficient code for generating crystal structures with well-defined structural-feature [32] [33] [34] [35] [36] and it quickly provide us many inequivalent NX networks with different up and down sequences of N atoms and only sixmember rings. Associated by an additional small program, the X atoms in these hypothetical NX networks are replaced by triazine or heptazine to construct real corrugated structures for g-C 3 N 4 . Finally, the structures and stabilities of a series corrugated g-C 3 N 4 structures with atoms no more than 56 are further investigated by first-principles calculations. The low-energy P321, P3m1 and Pca21 are further investigated by high-level HSE06 methods on their electronic properties.
In this work, all first-principles calculations are performed by the density functional theory based Vienna Ab initio Simulation Package (VASP) 37 . The interactions between nucleus and the corresponding valance electrons are described by the projector augmented wave methods (PAW) 38, 39 . Interactions between valance electrons and the exchange-correlation energies are considered through the generalized gradient approximation (GGA) developed by Perdew, Burke, and Ernzerhof (PBE) 40 . A plane wave basis with cutoff energy of 500 eV is used to expand the wave functions for all carbon systems and the Brillouin zone sampling meshes are set to be dense enough to ensure the convergence. All the 2D systems are fully optimized until the residual forces on every atom is less than 0.001 eV/Å. The convergence criteria of total energy is set to be 10 −7 eV and the thickness of the slab-model is set to be larger than 15 Å to avoid spurious interactions between adjacent images in our calculations. The high-level HSE06 41 method are considered to investigate the electronic properties of the three low-energy configurations of g-C 3 N 4 .
III. RESULTS AND DISCUSSIONS

A. Structures and stabilities
After optimized by first-principles calculations, the calculated total energies of the new corrugated g-C 3 N 4 are plotted in Fig. 2 together with their corresponding layer-thicknesses. We can see that all these corrugated configurations are energetically more stable than the corresponding flat P-6m2 ones, which can partly indicate that the previously used P-6m2 configurations are not correct. It is clearly that there are three structures showing excellent energetic stabilities in Fig.2 for both triazine-based and heptazine-based g-C 3 N 4 . We record them as P321, P3m1 and Pca21 according to their hexagonal and orthogonal symmetries, respectively. As shown in Fig. 3 , the corrugated P321, P3m1 and Pca21 are of about 65 meV/atom, 70 meV/atom and 74 meV/atom lower than that of the corresponding P-6m2 configurations, respectively. Their optimized crystal structures are shown in Fig.3 in both top and side views. In fact, P321 and P3m1 are two different reconstructions of the √ 3× √ 3 supercell of P-6m2. And Pca21 is another reconstruction of P-6m2 in its orthogonal cell.
As shown in Fig. 3 , the lattice constants of the optimized P321, P3m1 and Pca21 are just slightly reduced in comparison with the corresponding flat P-6m2 ones. We can see that these three corrugated configurations P321, P3m1 and Pca21 possess same top views to those of the flat P-6m2 structures, showing very similar periotic patterns. That is to say, it is difficult to distinguish these structures in experiment from their top views. We think that this is an important reason that previous researchers consider using the flat P-6m2 model as the structural candidate for the experimentally synthesized g-C 3 N 4 . It is interesting that the layer-thicknesses of the three low-energy configurations P321, P3m1 and Pca21 are 1.347 Å (2.451 Å), 1.368 Å (2.019 Å) and 2.093 Å (3.142 Å) for triazine-based (heptazine-based) g-C 3 N 4 , respectively. These results can help us to understand the thicknesses of the experimentally synthesized g-C 3 N 4 19,21 .
B. Electronic properties
We then investigate the electronic properties of these three low-energy g-C 3 N 4 through high-level HSE06 methods and compare them with those of the widely used flat P-6m2. The calculated band structures of both the triazine-based and heptazine-based g-C 3 N 4 in the flat P-6m2 and the corrugated P321, P3m1 and Pac21 configurations are shown in Fig. 4 . The results show that the heptazine-based g-C 3 N 4 in flat P-6m2 is a semiconductor with indirect band gap of 2.77 eV and the triazine-based one possesses direct band gap of about 3.184 eV. These results are good agreement with the previously reported experimental 1 and theoretical values 6 , which confirm that our used methods are reliable.
As discussed before, proper atomic corrugations will release corresponding energies to make the systems more energetically stable. Here, we can see that these corrugations (P321, Pm31 and Pca21) will also enlarge the band gaps of the systems to enhance their chemical stabilities. As the band structures of the heptazine-based g-C 3 N 4 shown in Fig. 4 , we can see that the splitting energies between the bonding and anti-bonding orbits are enlarged due to the atomic corrugations. The band gaps of the heptazine-based g-C 3 N 4 in the corrugated P321, P3m1 and Pac21 are correspondingly increased to be 3.182 eV, 2.821 eV and 3.044 eV, respectively. For the triazine-based g-C 3 N 4 , the band gaps of the corrugated P321, P3m1 and Pac21 are also enlarged to be 3.90 eV, 3.862 eV and 3.791 eV, respectively. These increased splitting energies or band gaps between the bonding and anti-bonding orbits can help us to understand the corrugation-induced energy release in the systems. In fact, the amplifications of band gaps between flat and corrugated g-C 3 N 4 are relatively smaller. For heptazine-based g-C 3 N 4 , the amplifications of band gaps induced by corruga- It is well-known that the experimentally synthesized g-C 3 N 4 are excellent materials for metal-free sun-light-drive water-splitting. With using the flat P-6m2 model, such an excellent potential of g-C 3 N 4 have been well understood by their CBM and VBM positions as discussed in previous literatures 6, 16, 22, 24, 26 . We think this is another important reason why previous researcher accept the flat P-6m2 model as the structure candidates for the experimentally synthesized g-C 3 N 4 . They have no any optional candidates to use at that time. Here, we show that the low-energy P321, P3m1 and Pac21 are also excellent materials for metal-free sun-lightdrive water-splitting.
As shown in Fig.5 , the HSE06-based CBM and VBM positions of the triazine-based and heptazine-based g-C 3 N 4 in configurations of flat P-6m2 and corrugated P321, P3m1 and Pac21 are arranged together with the redox potentials for water splitting at pH = 0 and pH = 7 situations. For both pH = 0 and pH = 7 situations, all the CBM positions of the corrugated configurations located slightly above the reduction potential of H + /H 2 . And the corresponding VBM positions are also lower than the reduction potential of O 2 /H 2 O. These band edge positions of the three new corrugated configurations suggest that they are also appropriate for sun-light-driven water splitting in both acidic and neutral situations.
Based on the results as discussed before, we can understand why the flat P-6m2 models are widely used as the crystal structures for the experimentally synthesized g-C 3 N 4 in previous literatures. The most important reason is that previous researchers have no any optional structures to use. Our present work can also help us to understand the previous belief that "P-6m2 is the correct" according to the following three reasons: 1) the patterns between the "true" corrugated structures (P321, P3m1 and Pca21) and the flat P-6m2 one are very similar; 2) the differences in band gaps between the "true" corrugated structures and the flat P-6m2 models are very smaller; 3) the potentials in sun-light-driven water splitting of the flat P-6m2 structures are excellent to those of the "true" corrugated structures.
IV. CONCLUSION
In summary, three corrugated configurations P321, P3m1 and Pca21 were proposed as new candidate structures for the experimentally synthesized g-C 3 N 4 . The first-principles calculations show that these three new configurations are more energetically favorable than the flat P-6mw one. These three corrugated configurations possess similar periodic pattern to that of flat P-6m2 is discussed as an important reason why previous researchers chose P-6m2 as the candidate to explain the experiments. However, the corrugated P321, P3m1 and Pca21 with certain layer-thicknesses are more suitable for explaining the thicknesses of the experimentally synthesized g-C 3 N 4 . The calculated band gaps of the corrugated P321, P3m1 and Pca21 are also close to those of calculated based on the flat P-6m2, which can further help us to understanding the previous belief of using the P-6m2 model. Furthermore, the band edge positions of these three new corrugated configurations for both triazine-based and heptazine-based g-C 3 N 4 are also appropriated for sun-light-driven water splitting in both acidic and neutral situations. We believe that the experimentally synthesized g-C 3 N 4 are corrugated and these three corrugated configurations are candidate structures for future investigations. # These authors contributed equally to this work.
V. ACCKNOWLEDGEMENT
